Using molecular dynamics simulation, the effect of Pb surfactant for the thin film growth of Co atoms on Cu͑111͒ substrate was investigated. Specifically, the behavior of Co atoms being deposited on Cu͑111͒ substrate with predeposited Pb layer was extensively investigated and compared with the case of without Pb layer to explain the effect of Pb surfactant. It was observed that Pb layer was floating during the Co deposition. It was, quantitatively, found that Pb surfactant played an important role in suppression of active diffusion of Co atoms, which was accomplished by the increase in the surface diffusion barrier energy. The energy change in the deposited Co adatom on the Cu͑111͒ substrate with predeposited Pb layer showed that the approaching Co adatom penetrated into the Pb layer; then, the Co adatom settled down on the Cu͑111͒ substrate. Consequently, Pb atoms around Co adatom suppressed the further diffusion of Co adatom.
I. INTRODUCTION
Understanding and controlling the evolving surface morphology of epitaxially grown thin films have been the essential issues of surface science. 1, 2 For applications in magnetic devices utilizing giant magnetoresistance ͑GMR͒ properties, such as magnetic storage systems 3 and microsensors, 4 ordered and uniform thin film is especially required for the coherency of the devices. 5 The sandwich structure of Co and Cu is known to be the most promising candidate for magnetic devices using the GMR effect. Although many aspects of its magnetic properties and growth behaviors have been studied extensively, the investigation of how to obtain ordered structures with better performance is still necessary. Indeed, it is well known that the growth mode would be likely to follow three-dimensional ͑3D͒ island growth mode when the thin film of Co grows on Cu͑111͒ substrate. 6 There have been a lot of attempts to suppress the agglomeration of Co atoms during the deposition process, such as using a surfactant agent.
It was reported that predeposited Pb plays a role as a surfactant to allow the layer-by-layer growth mode of Co deposition on Cu͑111͒, in contrast to the 3D growth observed without the Pb surfactant. 7 Moreover, it was reported that 1 ML ͑monolayer͒ of Pb can suppress twinning, which affects directly the GMR, in the Cu layers during the growth of Co/Cu superlattices on Cu͑111͒ by molecular beam epitaxy. 8 However, the mechanism of preventing the agglomeration of Co atoms during the deposition process of Co/Cu͑111͒ is still unknown.
In this paper, the effect of a predeposited ultrathin film of Pb on the deposition of Co on Cu͑111͒ has been extensively studied by molecular dynamics ͑MD͒ simulation, which is known to be capable of simulating accurate atomic interactions and also movements to investigate the surface characteristics and growth morphologies at the atomic level.
II. CALCULATION METHODS
The embedded atom method ͑EAM͒, which has been successfully applied to various metallic systems, 9 was adopted to the LAMMPS code 10 with the potentials proposed by Zhou et al. 11 For the Co-Cu, Cu-Pb, and Pb-Co alloy models, the potential proposed by Johnson 12 was generated by normalizing from elemental EAM potentials. The valid test of the potentials used in this study is summarized in Table I . Lattice constants, cohesive energy, bulk modulus, and surface free energies exhibit to be in good agreement with experiments and density functional theory ͑DFT͒ calculations. For MD simulation, the size of the Cu͑111͒ substrate was set to be ͑60ϫ 30ϫ 5͒a 0 with the surface perpendicular to the z axis, where a 0 is the bulk lattice constant of Cu. The periodic boundary conditions were applied in both the x and y directions and the positions of the bottommost two layers were fixed. The temperature of the other layers was isothermally maintained at 300 K. The incident energy of adatoms was set to 0.1 eV. The adatom was added at a distance of 15 Å from the substrate surface, which was farther than the cutoff distance ͑5 Å͒ of the employed potentials. The positions of the adatoms were randomly selected in the x , y plane and the incident angles were set to be normal to the surface. The MD time step was fixed as 1 fs considering the stability of the simulation, and the system was relaxed for about 0.4 ps periods before the next additional adatom was inserted into the system. In particular, the flux of deposited atoms was maintained as 8.5ϫ 10 9 atoms/ nm 2 s. Totally, 10 ML of adatoms were deposited on the substrate, in which each monolayer corresponded to 4260 Co adatoms. 
III. RESULTS AND DISCUSSION
When the Co atoms were deposited on the Cu͑111͒ substrate at 300 K up to 10 ML with a low incident energy of 0.1 eV, no surface alloying at the interface could be observed in the early stage of thin film deposition. However, the film roughness clearly increased according to the increment in Co deposition. As shown in Fig. 1 , the surface roughness became noticeably higher during 10 ML of Co thin layer deposition on the Cu͑111͒ substrate due to the high diffusivity which enhances the atomic lateral movement so that the deposited Co adatoms could be agglomerated easily. 19 It could be inferred, intuitively, that if the diffusivity of Co atoms would be decreased, desirable growth mode, so-called layerby-layer growth mode, could be obtained during the deposition of Co adatoms on Cu͑111͒ substrate. Pb surfactant was chosen as a tool to promote the two-dimensional, layer-bylayer growth mode in this study.
To substantiate the effect of Pb surfactant layer, 1 ML of Pb surfactant had been predeposited on clean Cu͑111͒ substrate before Co adatoms were started to deposit. When the Pb adatoms were deposited on the clean Cu͑111͒ surface, full coverage of 1 ML Pb surfactant on Cu͑111͒ was accomplished since it is energetically favorable to fill every exposed Cu atom ͑Fig. 2͒. Interestingly, when the Co adatoms started to deposit on the Cu͑111͒ substrate with the predeposited Pb layer, it was observed that Pb layer was floating. To elucidate the behavior of Pb atoms, the averaged height of Co and Pb atoms during 1 ML deposition was quantitatively calculated. As shown in Fig. 3 , the difference between the averaged height of Pb atoms, ͗H Pb ͘, and that of Co atoms, ͗H Co ͘, shows positive value and increasing according to the increment in Co adatoms, which means that Pb atoms are located on the deposited Co atoms. It seemed that the approaching Co adatom penetrated into the Pb layer; then, the Co adatom settled down on the Cu͑111͒ substrate ͑Fig. 4͒.
In an attempt to quantitatively investigate the role of Pb surfactant layer, the surface diffusion barrier energy for the movement of diffusing adatoms on the surface from a lowenergy adsorption site to another equivalent position through a bridge site was calculated using a molecular static calculation. The surface diffusion barrier energy of clean Cu͑111͒ and Cu͑111͒ with predeposited Pb was measured in Table II . It can be clearly seen that the diffusion barrier energy increased when the thin film of Pb was predeposited on the Cu͑111͒ substrate. Consequently, it can be reasonably in- ferred that lowered diffusivity of Co atoms on the Cu͑111͒ with predeposited Pb surfactant results in suppressing agglomeration of Co atoms, in contrast to the case of a system without predeposited Pb layer.
Since the cohesive energy of Co is higher than that of Cu and Pb ͑E coh,Co = 4.41 eV, E coh,Cu = 3.54 eV, and E coh,Pb = 2.02 eV͒, Co atoms were observed to prefer to be agglomerated to each other. However, once a Co adatom is settled on the Cu͑111͒ substrate with predeposited Pb layer, it hardly diffuses further due to Pb atoms blocking all adjacent sites around the Co adatom. Figure 5 shows the energy change in the deposited Co adatom on the Cu͑111͒ substrate with predeposited Pb layer. After the Co adatom impacts on the Pb layer, it decreases the potential energy to the metastable region. Then, Co adatom moves on the Pb layer until it reaches a stable point, a hollow site of Pb atoms, to be ready to penetrate. Finally, the Co adatom penetrates through the Pb layer with the rapid decrease in the potential energy, and, consequently Pb atoms around Co adatom suppress the further diffusion of Co adatom.
IV. CONCLUSIONS
The effect of Pb surfactant for the Co thin film deposition on Cu͑111͒ substrate was investigated through MD simulation. The surface roughness became noticeably higher during 10 ML of Co thin film deposition on the Cu͑111͒ substrate due to the high diffusivity of Co atoms. To suppress the high diffusivity of Co atoms, Pb layer was deposited on the clean Cu͑111͒ substrate before the main Co deposition process started. Pb layer as a surfactant was observed to form a perfect single layer on the clean Cu͑111͒ substrate and be floating during Co deposition on the Cu͑111͒ with predeposited Pb layer. The Co adatom deposited on the Cu͑111͒ substrate with predeposited Pb layer, as a surfactant, turned out to feel the increased surface diffusion barrier compared to the case without Pb layer. Consequently, Co adatoms hardly diffuse further due to Pb atoms blocking all adjacent sites around the Co adatom, which results in a smooth surface. 
